Sperm competition has received much attention in recent years as a primary form of intrasexual competition among males, but little is known about variation in ejaculate quality in natural mammal populations, particularly among carnivores. Here, we documented variation in semen characteristics among wild male spotted hyenas (Crocuta crocuta). We then tested hypotheses suggesting that reproductive senescence among aging male hyenas is reflected in declining ejaculate quality, and that dispersal status affects ejaculate quality. To address these questions, we electroejaculated 20 wild males, including both immigrants and adult natal males. We found no support for the hypothesis that male spotted hyenas experience reproductive senescence with respect to their ejaculate quality, but we did find that immigrant males had significantly higher ejaculate quality than adult natal males, suggesting that adult natal males may experience reproductive suppression before dispersing. Finally, to test the assumption that an individual's ejaculate quality is consistent over time, we obtained repeated samples from 6 captive male hyenas. This captive work demonstrated significant individual repeatability in ejaculate quality and illustrated the utility of complementing field research with laboratory study. By exploring variation in ejaculate quality and its relationship with life-history traits in this unique species, we have highlighted new avenues for potential research regarding how sexual selection manifests in sex role-reversed species.
Sexual selection theory predicts that when females have the limiting reproductive rate, males should compete for access to those females (Andersson 1994; Darwin 1871) . This competition is not over access to copulations with females, but rather over access to female gametes (Parker 1970) . Thus, in many species male-male competition continues after copulation via sperm competition, which occurs when a female copulates with multiple males and the ensuing rival ejaculates compete to fertilize her ova (Birkhead et al. 2008; Birkhead and Pizzari 2002; Pitnick and Hosken 2010) . Since it was 1st proposed as a mechanism of selection (Parker 1970) , sperm competition has been shown to affect numerous ejaculate traits, including ejaculate volume, sperm concentration, number of sperm, sperm motility, and sperm length (Birkhead et al. 2008; Malo et al. 2005; Montoto et al. 2011; Parker and Pizzari 2010; Tourmente et al. 2011) .
Sperm competition is thought to be widespread in mammals (Dixson and Anderson 2004; Gomendio et al. 1998; Stockley 2004) . Considerable progress has been made in recent years toward understanding the role of sperm competition in mammalian sexual selection and its effects on ejaculate traits (e.g., Firman and Simmons 2011; Gomendio et al. 2007; Montoto et al. 2011; Ramm and Stockley 2008; SchulteHostedde and Millar 2004; Tourmente et al. 2011) . However, most research on mammalian sperm has come from captive or laboratory populations, with only rare exceptions (e.g., Bonanno and Schulte-Hostedde 2009; Gomendio et al. 2007 ), so relatively little information exists on variation in ejaculate quality in natural populations. Even less is known about ejaculates in free-living carnivore populations, presumably due to the challenges of sampling these species in nature. Most semen samples collected from carnivores have been obtained from captive animals (see Supporting Information S1, DOI:10.1644/12-MAMM-A-057.1.S1) for exceptions, see w w w . m a m m a l o g y . o r g 90 Brown et al. 1991; Crosier et al. 2007; Gañán et al. 2010; Morato et al. 2001) , so sperm competition in carnivores remains poorly understood. Iossa et al. (2008) made significant progress by investigating sperm competition across carnivores as a function of various life-history parameters, using relative testes size as an indicator of the intensity of sperm competition (Gage and Freckleton 2003; Soulsbury 2010 ). However, testing many predictions of sperm competition theory requires collection of ejaculate samples from free-living males, particularly males for whom paternity data also are available (e.g., Gomendio et al. 2007 ). To our knowledge, such comprehensive data do not currently exist for any carnivore species.
Here we took the 1st step toward closing this gap by sampling ejaculates in wild spotted hyenas (Crocuta crocuta) for which data on paternity success are also being collected. Several lines of evidence suggest that sperm competition operates as an important selective force in this species. First, female spotted hyenas are polyandrous, and approximately one-third of twin litters have multiple sires Engh et al. 2002) . Multiple paternity implies that, at the moment of fertilization, multiple males are still competing via sperm competition (Gomendio et al. 1998) . In fact, multiple paternity has been shown in other species to correlate with the presence of sperm competition (Dean et al. 2006; Ramm et al. 2005; Soulsbury 2010 ).
Second, the reproductive tract of the female spotted hyena is unusually long and convoluted (Cunha et al. 2003) , which lengthens the sperm's path to the ova far beyond that of other comparably sized mammals. Although sperm are deposited above the penile clitoris through which copulation occurs, they must then circumnavigate the many dead ends in the coiled vaginal lumina (Cunha et al. 2003) . The length and complexity of the reproductive tract in female spotted hyenas should theoretically strengthen selection on ejaculate traits (Birkhead et al. 2005; Eberhard 1996; Gomendio et al. 1998) , and therefore intensify sperm competition.
Third, theory predicts there should be intense competition among male spotted hyenas because females have the limiting reproductive rate (Holekamp et al. 1996; Kruuk 1972) , and males show no parental care (Kruuk 1972 ) but considerable reproductive skew (Engh et al. 2002; Holekamp et al. 2012) . Despite this prediction, male spotted hyenas engage in less intense physical combat than that typical of other male mammals (Goymann et al. 2003; Kruuk 1972) , indicating that males must compete via alternative mechanisms, one of which may be sperm competition (Andersson 1994) .
However, 2 lines of evidence oppose the hypothesis that sperm competition is an important selective force in spotted hyenas. First, intensity of sperm competition is positively correlated with relative testes size in many taxa, including mammals (Gage 1994; Gage and Freckleton 2003; Gomendio et al. 1998; Harcourt et al. 1981; Kenagy and Trombulak 1986; Ramm et al. 2005; Soulsbury 2010) , and experimental manipulations of sperm competition have demonstrated this relationship to be causal Pitnick et al. 2001) . Therefore, if male spotted hyenas are indeed competing intrasexually via sperm competition, then male hyenas should theoretically have large testes relative to their body size (Dixson and Anderson 2004; Iossa et al. 2008; Soulsbury 2010) . Instead, the observed relative testes size in spotted hyenas aligns more closely with that of monandrous species (Soulsbury 2010) . Second, Iossa et al. (2008) demonstrated that sperm competition is more prevalent in species with synchronous female estrous cycles, which is not the case in spotted hyenas (Holekamp et al. 1999) .
These seemingly contradictory features make spotted hyenas a fascinating species in which to investigate variation in ejaculate quality in a natural population. Our 1st goal here was therefore to describe ejaculate characteristics in this species and to establish the degree of intraspecific variation in ejaculate quality. Additionally, to verify that any variation we found in ejaculate quality was indicative of true between-individual differences and not merely due to within-individual variability (Tregenza et al. 2009 ), we examined repeatability in the quality of ejaculates obtained repeatedly from a small group of captive male hyenas.
Our 2nd goal was to test specific hypotheses regarding ejaculate quality among male spotted hyenas. East et al. (2003) hypothesized that the surprisingly low reproductive success of the highest-ranking male spotted hyenas, which are also often the oldest males present Engh et al. 2002) , might be due to reproductive senescence in ejaculate quality. The paternal age effect, in which male reproductive fitness decreases at advanced ages (Stene et al. 1977) , manifests in semen quality in many mammals (Kidd et al. 2001; Thongtip et al. 2008; Wang et al. 1993; Wolf et al. 2000) . Paternal age effects in carnivore ejaculates are less clear, perhaps because very old males are rarely sampled. However, if reproductive senescence is occurring in spotted hyenas, then ejaculate quality should be lower among the oldest wild males (10þ years) than among males sampled during their reproductive prime (5-10 years).
Finally, we tested the hypothesis that dispersal status affects ejaculate quality. Male spotted hyenas reach puberty at approximately 24 months of age Matthews 1939 ) and they then disperse from their natal clans when between 2 and 5 years of age (Boydston et al. 2005; Smale et al. 1997; Van Horn et al. 2003) . Every spotted hyena clan therefore contains both adult immigrant males and adult natal males that are postpubertal but have not yet dispersed (Holekamp and Smale 1998) . Although both these groups of males represent potential mates for females, immigrant males sire more than 97% of cubs (Engh et al. 2002) , so dispersal status has a strong effect on a male's reproductive success (Van Horn et al. 2008) . It is possible that adult natal males experience reproductive suppression (Garber et al. 1996; Holekamp and Sisk 2003) , but it is unknown whether this suppression would affect ejaculate quality. Reproductive suppression in other species has been shown to reduce testes mass, but its influence on sperm quality is unclear (Faulkes et al. 1994; Fitzpatrick et al. 2005) . If dispersal status does affect ejaculate quality in spotted hyenas, then immigrant males should have higher quality semen than adult natal males.
MATERIALS AND METHODS
Subject animals.-Our wild study population was composed of males from 3 clans of spotted hyenas continuously monitored in the Masai Mara National Reserve, Kenya. Spotted hyenas breed year-round, but all wild males were sampled between August and December in 2008 and 2009. We could identify every individual based on unique spots and other markings (Frank 1986 ), and we could visually determine sex based on the dimorphic morphology of the erect phallus (Frank et al. 1990 ). Birth dates of natal individuals were estimated (67 days) based on methods described in Holekamp et al. (1996) , and ages of other individuals (66 months) were based on tooth wear (Van Horn et al. 2003) .
Spotted hyena clans contain up to 90 individuals, including adult males, adult females, and natal juveniles of both sexes (Frank 1986 ). Most of the adult males in any clan are immigrants born elsewhere, and these immigrants have nearzero values of genetic relatedness to one another (Van Horn et al. 2004 ). We classified immigrant males into 3 age classes: young (age , 5 years; n ¼ 5), intermediate (5 years age , 10 years; n ¼ 7), and old (10 years age; n ¼ 4). We called postpubertal (i.e., .24 months old) natal males that had not yet dispersed adult natal males. Social ranks of immigrant males are determined strictly by their tenure in the clan (East and Hofer 2001; Smale et al. 1997) , with the earliest arrival holding the highest rank and the most recent arrival holding the lowest. We therefore deduced an immigrant male's rank based on his date of arrival in the clan, and confirmed this assignment based on outcomes of dyadic agonistic interactions Smale et al. 1993) .
To examine repeatability in ejaculate characteristics among individual spotted hyenas, we needed to sample the same males multiple times. This was not feasible with wild hyenas, so we utilized 6 captive males housed at the Field Station for Behavioral Research at the University of California, Berkeley, California. Berger et al. (1992) describe husbandry conditions at this facility. Of these 6 captive males, 4 had been used in hormone manipulation studies that may have affected semen traits, so the descriptive data on captive spotted hyenas that we report in Supporting Information S1 were calculated based only on the 2 control males, but all 6 were used in the repeatability analyses. We sampled each male in February 2010 and again in September 2010.
All research followed guidelines of the American Society of Mammalogists (Sikes et al. 2011) and was approved by institutional animal care and use committees at both Michigan State University and the University of California, Berkeley.
Semen collection and evaluation.-Each wild hyena was anesthetized prior to semen collection with Telazol (6.5 mg/kg; W. A. Butler Co., Brighton, Michigan); captive hyenas were anesthetized with a cocktail of xylazine (AnaSed Injection; 1 mg/kg; Akom Inc., Decatur, Illinois) and ketamine (Ketaset Ketamine; 5 mg/kg Fort Dodge Animal Health, Fort Dodge, Iowa). Once the hyena was fully unconscious, we measured the length and width of the testes using calipers, then inserted a sterile, lubricated catheter (3.3-mm diameter) through the urethra to drain urine from the bladder to avoid contaminating the semen. We then rinsed the bladder and urethra by injecting and draining sterile saline through the catheter.
Semen collection was performed using the electroejaculation procedure described by Wildt et al. (1983) . Briefly, we 1st lubricated a rectal probe (2.5 cm in diameter, 30 cm long; P-T Electronics, Sandy, Oregon) with ultrasound gel. We then inserted the probe approximately 15-20 cm into the anus of the male, targeting the pudendal nerve with the electrodes on the end of the probe. The probe was connected to an electrostimulation unit that we used to manually administer low-level electric pulses in the following cycle: 3 s from 0 to peak amperage, 1 s at peak amperage, 1 s from peak to 0 amperage, and 3 s at 0 amperage before another pulse began. We delivered pulses in sets of 10, with 2 min of rest between sets. The amperage of the 1st set was 50 mA, and we gradually increased the amperage over the course of multiple sets to 75 mA, 100 mA, and 150 mA (~4-6 V); amperage never exceeded 150 mA, voltage never exceeded 6 V, and the total number of stimulations an animal received never exceeded 120. We collected any semen in a fresh vial after each set of 10 pulses, and stopped the procedure when the 1st of the following occurred: the animal lost its erection, the animal stopped producing semen, the total number of stimulations received reached 120, or the effects of the anesthesia began to subside. Each vial was analyzed independently of other vials.
We assessed the following traits at 4003 magnification (Wildt et al. 1987) : concentration (sperm/ml 3 10 6 ), percent motile, progressive status (average rate of forward progression of motile sperm on a scale of 0-5, as a proxy for velocity), total sperm length (lm), sperm midpiece length (lm), sperm head length (lm), and sperm motility index, calculated as [percent motile þ (20 3 progressive status)]/2. We also measured the volume (ml) of ejaculate in each vial, and used this to calculate total ejaculate volume (ml) and total number of sperm per ejaculate. All vials were kept shaded throughout and after the procedure. Because of logistic constraints, we were unable to assess morphological normality of sperm. Percent motile and progressive status were both evaluated within 10-15 min of semen collection. We then diluted 50-ll aliquots of semen with 1 ml of deionized water to immobilize the sperm so we could assess sperm concentration. We used an ocular micrometer to measure the length of multiple unbent sperm from each male, including the length of the head and midpiece; how many we measured depended on our ability to locate unbent sperm (range ¼ 2-8;X ¼ 5). For the captive hyenas, all the same measurements were collected with the exception of the sperm lengths (total, midpiece, and head), which were not measured because of equipment limitations.
Statistical analyses.-We calculated the median value for each trait within each individual across semen vials, then used these median values to calculate means for each trait among either immigrant males (n ¼ 16) or adult natal males (n ¼ 4). By using the median values, we hoped to control for any effects minor variation in the electroejaculation procedure may have had on ejaculate traits. To explore relationships among the various sperm traits, we performed a principal component analysis on median values of 4 of the primary sperm traits: concentration, percent motile, progressive status, and sperm length. Before performing the principal component analysis, we assessed the normality of each data set using the ShapiroWilk test and then transformed the input variables to reduce the influence of outliers, achieve normality, and standardize proportional data. We also standardized the variables prior to performing the principal component analysis.
We assessed individual repeatability among captive hyenas using 2 different measures of consistency. First, we calculated the Spearman rank correlation coefficients (R s ) for each trait. We also evaluated individual repeatability using intraclass correlation coefficients (Shrout and Fleiss 1979) , with values closer to 1 indicating high consistency, and values closer to 0 indicating little or no consistency.
To test for significant relationships between testes size and ejaculate quality, we used linear models after making the appropriate transformations. We used absolute testes size, rather than relative testes size, because body mass in spotted hyenas can fluctuate greatly over short periods of time and thus does not necessarily reflect overall body size accurately (Swanson et al. 2011) . To test for relationships between ejaculate quality and age, tenure, and social rank, we used similar linear models, after square-root transforming social rank and tenure. To compare ejaculate quality among the different age classes of immigrant males, we performed a multivariate analysis of variance (MANOVA). To compare immigrants with natal males, we 1st used 2-tailed nonparametric Mann-Whitney U-tests on each trait; we then tested for overall differences between immigrant males and natal males with a MANOVA.
We conducted all statistical analyses in R (R Development Core Team 2007). For the principal component analysis and subsequent tests, we used the packages labdsv (Roberts 2010) and Lattice (Sarkar 2008) . For calculating each intraclass correlation coefficient and its associated P-value, we used the package psych (Revelle 2010) . Differences were considered significant when P 0.05, and all means are reported with standard errors.
RESULTS
Ejaculate quality in wild immigrant male spotted hyenas.-We electroejaculated 16 immigrant males, all of which were older than 24 months and all of which produced a semen sample; no urine contamination was observed. Ejaculate trait means are reported in Table 1 . The traits showing the most between-individual variation (coefficient of variation [CV]) were sperm concentration (CV ¼ 128.8), total number of sperm (CV ¼ 123.9), percent motile sperm (CV ¼ 55.1), and total ejaculate volume (CV ¼ 40.92). The traits showing the least between-individual variation were sperm head length (CV ¼ 0.11), total sperm length (CV ¼ 2.9), and midpiece length (CV ¼ 6.2).
The principal component analysis used to characterize overall ejaculate quality among the immigrant males yielded 2 components with eigenvalues ! 1 (Table 2), which was our criterion for inclusion in further analyses (Quinn and Keough 2002) . In the 1st component, 3 input variables had eigenvectors greater than 70% of the largest eigenvector for that component, indicating that these traits contributed more heavily than did other variables (Mardia et al. 1979 ). The 1st principal component (PC1) was driven by percent motile sperm, progressive status, and sperm concentration, and explained 58% of the total variation. Furthermore, in the 1st component, all of the traits loaded in the same direction. The 2nd principal component (PC2) was overwhelmingly driven by sperm length and explained 25% of the variation. Thus, together these 2 components explained 83% of the total variation in ejaculate quality.
Effect of testes size on ejaculate quality among immigrant males.-We generated linear models to evaluate relationships between various aspects of ejaculate quality and testes size. There was no effect of testes size on either PC1 (F 1,14 ¼ 1.598, P ¼ 0.23) or PC2 (F 1,14 ¼ 0.078, P ¼ 0.78). Although there was a significant positive relationship between testes size and total ejaculate volume (F 1,12 ¼ 15.220, P ¼ 0.002), there was no relationship between testes size and the total number of sperm (F 1,10 ¼ 1.363, P ¼ 0.27).
Effects of social rank, tenure, and age on ejaculate quality among immigrant males.-We used linear models to examine relationships between the first 2 principal component scores and social rank, tenure, or age of the immigrant males. There was no effect of social rank on PC1 (F 1,12 ¼ 0.011, P ¼ 0.92) or PC2 (F 1,12 ¼ 1.942, P ¼ 0.19), nor was there an effect of tenure on PC1 (F 1,6 ¼ 0.501, P ¼ 0.51) or PC2 (F 1,6 ¼ 2.376, P ¼ 0.17). We found no significant effect of age on PC1 (F 1,14 ¼ 0.040, P ¼ 0.84), but PC2 showed a trend toward significance (F 1,14 ¼ 3.839, P ¼ 0.07). Similarly, our MANOVA showed no significant effect of age class on ejaculate quality (Wilks' k ¼ 0.465, F 8,22 ¼ 0.834, P ¼ 0.58).
Effect of dispersal status on ejaculate quality.-We electroejaculated 4 adult natal males, all of which were older than 24 months; every individual produced a semen sample, and no urine contamination was observed. Ejaculate trait means for the natal males are reported in Table 1 . Because of the small number of adult natal males sampled, we used MannWhitney U-tests to compare means in each trait between immigrant and natal males ( Table 1) . The mean values for immigrants were higher than those for adult natal males in every ejaculate trait, although not all differences were statistically significant. Concentration, percent motile, sperm length, ejaculate volume, total number of sperm, and testes size were all significantly greater in immigrants than in adult natal males (Fig. 1) . These general results were corroborated by the MANOVA on sperm concentration, percent motile, progressive status, total sperm length, and midpiece length: immigrant males had significantly higher ejaculate quality than adult natal males (Wilks' k ¼ 0.579, F 5.14 ¼ 3.845, P ¼ 0.02).
Most of the immigrant males here were older than the sampled adult natal males (Table 1) , which precluded the possibility of an age-matched statistical comparison between immigrants and adult natal males. However, of the 16 immigrant males sampled, 2 had ages comparable to those of our adult natal male subjects. We could not statistically compare these 2 ''young immigrant'' males (mean age 30.5 6 6.5 months) to the group of natal males because of small sample sizes. However, we note that despite approximate agematching, the mean values for the 2 young immigrants were higher than those for the 4 adult natal males in the following traits: concentration, percent motile, progressive status, sperm length, midpiece length, and sperm motility index.
Individual repeatability.-To evaluate repeatability in ejaculate quality within individuals, we electroejaculated each of 6 captive hyenas twice. The mean age of the captive males was 154.33 (range ¼ 63-221) months, and mean values for the ejaculate traits of the captive hyenas are reported in the 2nd row of Supporting Information S1. The Spearman rank correlation coefficients demonstrated that sperm concentration, progressive status, and total ejaculate volume were all repeatable (Table 3 ; R s ! 0.4), but that percent motile sperm was not (R s ¼ 0.1). The intraclass correlation coefficient values supported these findings in that they were .0.7 for sperm concentration (Table 3 ; F 5 ¼ 12.0, P ¼ 0.01), progressive status (F 5 ¼ 5.8, P ¼ 0.04), and total ejaculate volume (F 5 ¼ 9.0, P ¼ 0.03), which indicates high repeatability (Measey et al. 2003) ; in contrast, the intraclass correlation coefficient value for percent motile sperm was approximately 0 (F 5 ¼ 0.9, P ¼ 0.57).
DISCUSSION
Here, we provide the 1st documentation of semen characteristics in wild and captive spotted hyenas. Other than a single brown hyena (Parahyaena brunnea) electroejaculated once in 1981 (Ensley et al. 1982) , this is the 1st time semen from any species in the family Hyaenidae has been collected and evaluated. Therefore, although our small sample sizes limit firm conclusions, this work nevertheless represents a useful contribution to the study of mammalian ejaculate quality.
Ejaculate quality in wild male spotted hyenas.-Sperm concentration, percent motile, and progressive status all contributed substantially to PC1 in our principal component analysis of immigrant male ejaculates, which explained nearly half the variation in our data (Table 2) . Furthermore, these traits, as well as sperm length, all loaded in the same direction. Previous research indicated that these traits correlate positively with fertilization success in other species (e.g., Birkhead et al. 1999; Denk 2005; Fitzpatrick et al. 2009; Powell et al. 2001) , suggesting that PC1 here may serve as a proxy for overall ejaculate quality. PC2 was driven almost entirely by sperm length, which implies that sperm length varies independently from concentration, percent motile, or progressive status in this species. Future work should now test the fundamental assumption of sperm competition theory, which is that intermale variation in ejaculate quality corresponds with differential fitness, as has been shown in other mammals (Gomendio et al. 1998 Holt et al. 1997; Malo et al. 2005 Malo et al. , 2006 Ward 1998) . We hope to do this for wild spotted hyenas by elucidating the relationship between ejaculate quality and paternity success in the litters potentially sired by the males we sampled. Effect of testes size on ejaculate quality among immigrant males.-Testes size is routinely used as an indicator of sperm activity, including total number of sperm and ejaculate volume (Gomendio et al. 1998; Preston et al. 2003; Schulte-Hostedde and Millar 2004) . Here, however, we found no relationship between testes size and total number of sperm, although we did find a significant positive correlation between testes size and ejaculate volume. Additionally, testes size was not related to either principal component, implying that there may be no relationship between testes size and overall ejaculate quality in this species.
What remains unclear is whether this lack of correlation between testes size and ejaculate quality is related to the fact that spotted hyenas have unusually small testes relative to their body size (Iossa et al. 2008; Soulsbury 2010) . This may be due to phylogeny, given that members of the family Hyaenidae have the smallest mean relative testes size among carnivores, and most carnivore species have smaller relative testes size than do species in other mammalian orders (Iossa et al. 2008; Kenagy and Trombulak 1986) . Furthermore, C. crocuta 1st appears in the fossil record only 990,000-250,000 years ago, and descended from solitary ancestors (Werdelin and Lewis 2000); thus, it is possible that sperm competition was not FIG. 1.-Traits in which we found significant differences between wild adult natal and immigrant male spotted hyenas (Crocuta crocuta). Groups were compared using Mann-Whitney U-tests (a ¼ 0.05). Horizontal lines indicate medians, box edges show 1st and 3rd interquartile ranges, and whiskers represent closest data points within (1.5 3 interquartile range) of box edges. A) Sperm concentration. B) Percent motile. C) Sperm length. D) Total ejaculate volume. E) Total number of sperm. F) Testes size (length 3 width). In A, E, and F, a single outlier point in the immigrant male group is not shown but was included in all statistical analyses. historically a selective force in this genus, and that the testes morphology of extant spotted hyenas is undergoing an evolutionary lag. Alternatively, Soulsbury (2010) speculated that female control over copulation in this species might reduce the intensity and importance of postcopulatory competition, thereby reducing selection on testes size, and our data showing no correlation between ejaculate quality and testes size support this possibility. Nevertheless, the well-documented promiscuity among female hyenas (Szykman et al. 2007 ) and the frequency of multiple paternity in hyena litters Engh et al. 2002) both suggest that sperm competition may be important in this species, indicating that testes size may not always be as reliable an indicator of sperm competition as is commonly believed (Firman and Simmons 2010; Reynolds et al. 2004) . Future work exploring a relationship between ejaculate quality and paternity success should help resolve this apparent contradiction. Effects of social rank, tenure, and age on ejaculate quality among immigrant males.-Previous research has shown that, although social rank is correlated with male reproductive success in spotted hyenas, the highest-ranking males have lower reproductive success, and lower-ranking males have higher reproductive success, than would be predicted by a rank-based priority of access model (Engh et al. 2002) . One possible explanation for this is that socially subordinate males compensate for their reduced access to copulations by investing more heavily in their ejaculates than do their dominant counterparts, thus improving their paternity success via sperm competition (Parker 1990) , as has been demonstrated in other species (Cornwallis and Birkhead 2006; SchulteHostedde and Millar 2004; Serrano et al. 2006; Stockley and Purvis 1993; Vladic and Jarvi 2001) . However, our data fail to support this hypothesis, because neither of the first 2 principal components in our analysis, which together accounted for 83% of the variation in ejaculate quality, was correlated with social rank.
Reproductive senescence also has been suggested to explain the surprisingly low paternity success among the highestranking male hyenas, because these males are often quite old . Many male mammals show declines in reproductive fitness as they reach old age (Kidd et al. 2001; Thongtip et al. 2008; Wang et al. 1993; Wolf et al. 2000) ; however, we found no significant differences in ejaculate quality among the 3 immigrant age classes (young, middle age, and old). Our results therefore fail to support the hypothesis that reproductive senescence explains low paternity success among the highest-ranking males, but are consistent with data from the few other studies on ejaculates of wild carnivores, which also showed no decline in ejaculate quality among older adult males (Brown et al. 1991; Crosier et al. 2007; Gañán et al. 2010) . Given that most examples of reproductive senescence come from studies on captive animals, senescence may be an artifact of the unnaturally long lives of captive animals.
Effect of dispersal status on ejaculate quality.-Our results support the hypothesis that dispersal status affects ejaculate quality: we found viable sperm in the ejaculates of all adult natal males sampled, so they theoretically could have sired cubs, but their overall ejaculate quality was substantially lower than that of immigrants, including the 2 immigrants that were of comparable age to the adult natal males. In fact, immigrant males were superior to adult natal males in every ejaculate trait we measured. These findings are consistent with the hypothesis that adult natal males may be experiencing physiological reproductive suppression, which was originally proposed by Holekamp and Sisk (2003) when they found that immigrant male spotted hyenas have significantly higher testosterone levels than age-matched natal males. Holekamp and Sisk (2003) also suggested that the difference in testosterone concentrations between adult natal and immigrant males might be associated with differences in their ejaculate quality, because a positive relationship between testosterone concentrations and ejaculate quality has been well established in other mammals (Johnston et al. 1994; Kishk 2008; Meeker et al. 2006; Minter and DeLiberto 2008) .
Individual repeatability.-We were only able to sample a small number of captive male hyenas twice, so our conclusions regarding repeatability must be viewed with caution. Nevertheless, in our analysis of the repeatability of ejaculate quality within individual males, the use of 2 different statistical techniques consistently demonstrated that concentration, progressive status, and total ejaculate volume were all repeatable (Table 3) . Our findings are thus consistent with previous research demonstrating individual consistency in ejaculates in other species (Birkhead et al. 2005; Morrow and Gage 2001) . Evolutionary inferences about ejaculate quality are based on the assumption that variation among individuals is consistent over time, but this assumption is rarely tested. By showing here that individual ejaculate quality was indeed consistent over time, we can deduce that the variation observed here among wild hyenas can likely be attributed to true individual differences. This conclusion should be encouraging to researchers studying species that cannot easily be sampled more than once in the wild, such as large carnivores.
